Administration of active TG2 to two different in vitro angiogenesis assays resulted in the accumulation of a complex extracellular matrix (ECM) leading to the suppression of endothelial tube formation without causing cell death. Matrix accumulation was accompanied by a decreased rate of ECM turnover, with increased resistance to matrix metalloproteinase-1. Intratumor injection of TG2 into mice bearing CT26 colon carcinoma tumors demonstrated a reduction in tumor growth, and in some cases tumor regression. In TG2 knockout mice, tumor progression was increased and survival rate reduced compared to wild-type mice. In wild-type mice, an increased presence of TG2 was detectable in the host tissue around the tumor. Analysis of CT26 tumors injected with TG2 revealed fibrotic-like tissue containing increased collagen, TG2-mediated crosslink and reduced organized vasculature. TG2-mediated modulation of cell behavior via changes in the ECM may provide a new approach to solid tumor therapy.
Introduction
The growth and development of new tissue relies on the generation of a new blood supply. Angiogenesis, the process of new blood vessel formation, is fundamental to wound healing, embryonic development, and pathological conditions such as solid tumor growth and rheumatoid arthritis. 1 Angiogenesis is a complex process involving many growth factors, enzymes, different cell types, and changes to the extracellular matrix (ECM). Importantly, the control of inappropriate angiogenesis in diseases such as cancer has led to the development of novel antiangiogenic agents that interfere with endothelial cell proliferation, migration, and invasion. 2 Numerous strategies have been adopted, such as gene therapy, monoclonal antibodies, and peptides. 3 However, technical challenges remain both with the delivery of these agents and in their reliability, particularly with respect to their use as antineoplastic agents. 4 New blood vessel formation is dependent on changes in the behavioral characteristics of endothelial cells: in particular their proliferation, migration, and differentiation into tubular structures, which is influenced by changes in the ECM. Endothelial cells are a rich source of tissue transglutaminase (TG2), 5 a multifunctional enzyme that catalyzes the multimerization of proteins by generating e(g-glutamyl)lysine isopeptide bonds. 6 Many ECM proteins are known substrates of the enzyme, 7 and the crosslinking of these proteins by endothelial cell TG2 is thought to play a role in the stabilization of the basement membrane. 8 However, in a number of different tissues, inappropriate crosslinking of the ECM by TG2 following continuous tissue insult can lead to ECM accumulation and fibrosis. 9, 10 Cell surface TG2 is also thought to be involved in cell migration, 11 and cell adhesion, 12 by a mechanism that is independent of its transamidating activity. 13 While some of these proposed functions of TG2 are similar to the critical steps involved in angiogenesis, the role of TG2 in this process is poorly understood. TG2 knockout mice do not present vascular abnormalities 14 and it has been reported that TG2 is downregulated in endothelial cells undergoing capillary morphogenesis. 15 The latter observation fits with the proposed extracellular role of the enzyme in ECM deposition and stabilization, since angiogenesis requires localized destabilization of the matrix brought about by its increased turnover. 16 However, conflicting in vivo studies have proposed that the enzyme both stimulates and inhibits angiogenesis. 17, 18 As a consequence of these different findings, we first investigated whether TG2, via its ability to cause changes in the ECM , plays a regulatory role in capillary tube development. Additionally, we investigated whether this regulatory effect on cell behavior could be exploited in the control of tumor growth, a process that is also influenced by changes in the ECM. Using in vitro angiogenesis assays, we demonstrate that application of exogenous TG2 blocks angiogenesis in a dose-dependent manner without causing cell death, by a mechanism that involves increased accumulation of ECM proteins. Extension of these studies in vivo using two different tumor models demonstrated that the increased presence of TG2 in the tumor environment leads to delayed tumor growth and increased animal survival rates by a mechanism that is dependent on changes in the ECM. We propose that TG2 could be a novel and useful tool for modulating cell behavior when used to induce changes in the stability of the ECM leading to fibrosis, resulting in a reduction in angiogenesis and subsequently inhibition of tumor growth.
Results

TG2 activity and expression in human in vitro angiogenesis
Since endothelial cells are a rich source of TG2, we initially examined the distribution of the enzyme antigen and the localization of in situ enzyme activity in the human in vitro coculture model of angiogenesis (Figure 1a ). Immunoperoxidase staining for TG2 antigen revealed an abundance of enzyme in capillary networks in a pattern that resembled staining for von Willebrand factor (vWF) (Figure 1b) . By incubating cultures with the competitive primary amine TG substrates biotin (Figure 1c ) or fluorescein cadaverine (Figure 1d ), which become incorporated into protein-bound glutamine by TG2, it is possible to detect the presence of in situ TG activity. Biotin cadaverine-treated cultures indicated that most of the endogenous enzyme activity was located in the capillary networks, and examination of fluorescein cadaverine-treated cultures by high-power confocal microscopy demonstrated that this activity was primarily located at the endothelial cell surface, in cellular debris, and in the ECM surrounding the endothelial cells.
Inhibition of TG2 activity using the active-site-directed irreversible inhibitors of the enzyme NTU281 (Figure 1e ) or NTU 283 (data not shown) at concentrations up to 1 mM had no significant effect on tubular development. Confirmation that these inhibitors were blocking transglutaminase activity was provided by their ability to inhibit the incorporation of fluorescein cadaverine into ECM proteins (Figure 1f ).
Effect of exogenous TG2 treatment on endothelial tube formation
As a means of increasing the extracellular presence of TG2, active TG2 (50 mg/ml, 50 U/ml) was added to the in vitro coculture model of angiogenesis at different stages of its development, which resulted in a dose-dependent inhibition of tube formation compared to untreated cultures (Figure 2a) . Suppression of capillary development was seen after two TG2 treatments and optimal inhibition of angiogenesis was achieved following four applications of enzyme. TG2-treated vessels appeared highly truncated and exhibited reduced capillary branching. Quantification of vWF staining by image analysis in TG2-treated and untreated angiogenesis cultures indicated that capillary length, number of vessels, number of vessel-branching points, and percentage area covered by the endothelial tubules were all significantly reduced in a dose-dependent manner in TG2-treated cultures (Figure 2b ).
To establish whether transamidating activity was required to inhibit angiogenesis, cultures were also treated in parallel with TG2, which had been inactivated by preincubation with the active site-directed inhibitor NTU283 (500 mM). Inhibition of the transamidating activity of the applied TG2 reversed the enzymes' antiangiogenic properties (Figure 2a and b) . In order to confirm the inhibition observed with the coculture angiogenesis model, TG2 was also added in a similar manner (four applications of enzyme, 50 mg/ml, 50 U/ml) to an aorta ring model of angiogenesis. Following four daily additions of exogenous TG2 to a 10-day incubation culture (Figure 2c ) microvessel formation was completely inhibited (Figure 2c ).
TG2-mediated inhibition of angiogenesis is not caused by induction of cell death
After addition of the enzyme to the coculture model, few dead cells were detected regardless of the TG2 treatment (Figure 3a) . The toxicity of applied TG2 to single-cell populations of human umbilical large vein endothelial cells (HUVEC) and C378 cultures, which account for the core cell population of angiogenesis cocultures, was also investigated. No effect of TG2 treatment on cell viability of either cell type was observed when cell density was measured using the XTT assay (Figure 3c) , confirming the data shown in Figure 3a . Interestingly, lactate dehydrogenase (LDH) release, an indicator of cell permeability, indicated decreased cell permeability in the TG2-treated cells (Figure 3b) .
Localization of exogenous TG2 activity in enzyme-treated cultures
In untreated cells, endogenous in situ TG activity was observed in the ECM and was particularly concentrated in anastomosing endothelial capillaries (Figure 4a ). Following two applications of TG2, the activity of the exogenous enzyme was seen in thick fibrillar structures that surrounded endo-TG2 inhibits angiogenesis and tumor growth RA Jones et al thelial capillaries and extended into the surrounding ECM. Upon four administrations, the ECM-associated TG activity appeared to be considerably increased and the matrix-associated incorporation appeared much denser with finer branching random structures, while endothelial cell vasculatures were largely absent. By observing a field from top to bottom containing a small endothelial cell population at high magnification, TG2 activity measured in situ could be seen to be present in fibrillar structures encasing a capillary.
Progressive TG2 treatment of angiogenesis cultures leads to polymerization of proteins
Treatment of the coculture model with TG2 revealed selfincorporation of the enzyme into high-molecular-weight polymers when cellular proteins were separated by SDS-PAGE, Western blotted, and then immunoprobed with the Cub7402 MAb specific for TG2 (Figure 4b ). This polymerization increased with repeated dosing of the enzyme. Cultures treated with four repeated applications of TG2 revealed the enzyme to be present in both high-molecular-weight aggregates and numerous degradation fragments. Immunoprobing of blots for fibronectin indicated this to be present in nonreducible high-molecular-weight aggregates, which were unable to penetrate the resolving and stacking gels in a dosedependant manner. Elevated e(g-glutamyl)lysine crosslinks were also revealed in immunoblots with increased TG2 treatment. Cultures treated with one or two doses of TG2 demonstrated increased presence of the e(g-glutamyl)lysinecontaining proteins of molecular weights 55 and 60 kDa, whereas cultures receiving four doses had increased e(gglutamyl)lysine present in a protein of around 75kDa. The crosslink was also present in high-molecular-weight protein polymers, which were unable to enter the stacking and resolving gels.
TG2 treatment affects both matrix deposition and turnover
To establish whether TG2-mediated crosslinking affects total ECM protein or collagen deposition and turnover, angiogenesis cultures were pulse-labeled with [2, H]proline and [2, H]amino-acid mixture, respectively (Figure 4c ). Following the removal of the pulse from the media, the amount of the radiolabel present in the matrix was then measured. Untreated cultures demonstrated a time-dependent decline in amount of radioactivity present in the ECM. In contrast, TG2 treatment led to a significant (Po0.05) increase in the amount of radiolabel found in the ECM, indicating that the application of the enzyme initially increases both collagen and total matrix deposition, and then prevents its turnover, since the amount of radiolabel retained in the ECM remained relatively stable with time.
TG2 promotes collagen I fibrillogenesis in vitro
Addition of TG2 to neutralized type I collagen in vitro increased the rate of fibril formation, as measured by turbidity in a dose-dependent manner (Figure 5a ). Interestingly, a decrease in the final level of fibril formation was noted with TG2 treatment. Inhibition of transglutaminase activity using the TG2 site-directed inhibitor NTU281 (500 mM) confirmed that these effects were solely due to TG activity. TG2-mediated crosslinking of a cell-deposited matrix confers resistance to degradation by matrix metalloproteinase (MMP)-1
To assess whether TG2-mediated crosslinking confers increased proteolytic resistance to a cell deposited matrix, C378 cultures were pulse-labeled with [2,3- 3 H-proline], treated with exogenous active TG2, and, once the cells were removed by treatment with sodium deoxycholate, the remaining ECM was subsequently exposed to preactivated pro-MMP-1 for 16 h. The susceptibility of the matrix to active MMP-1 was measured as a percentage of total collagen digestion (Figure 5b ). Untreated cultures demonstrated increased susceptibility to MMP-1, with approximately 50% of the total collagen matrix being digested when exposed to the MMP. In contrast, in the TG2-treated cultures, only around 25% of the extracellular collagen matrix was broken down and released under the same conditions.
TG2 downregulates collagen I, III, and IV expression
Given that collagen deposition into the ECM of the angiogenesis cultures increased following TG2 treatment, we next explored the possibility that TG2 may upregulate collagen expression, possibly through TGF-b signaling. Paradoxically, addition of exogenous TG2 administration (four daily doses of 50 mg/ml; 50 U/ml) to C378 cultures was found to correlate with a significant (Po0.05) decrease in collagen I, III, and IV expression when analyzed by Northern blotting (Figure 5c ).
TG2 induced matrix deposition inhibits tumor growth in vivo
As a continuum to the in vitro experiments with exogenous TG2, the ability of this enzyme to modulate matrix deposition leading to inhibition of tumor growth was also examined. Mice bearing tumors of CT26 colon carcinoma cells received five separate 50 ml intratumor injections of either TG2 (4 mg/ml, 400 U/injection containing 2 mM Ca 2 þ and 3 mM dithiothreitol (DTT)) or PBS (containing 2 mM Ca 2 þ and 3 mM DTT). TG2 treatment delayed tumor growth, and led to increased animal survival (Figure 6a ) when compared to controls. Following TG2 treatment, 20% of animals demonstrated complete tumor regression, with the rest showing a delay in tumor growth. Staining of recovered tumor sections for TG2 antigen confirmed deposition of the applied enzyme within the body of the tumor, whereas control tumors revealed endogenous TG2 staining only in the tumor vasculature ( Figure 6b ). As expected from the in vitro studies, no organized vascular structures could be detected in TG2-treated tumors when stained for vWF. Tumors administered with four applications of TG2 exhibited diffuse vWF staining, indicative of capillary structures in disarray. In contrast, complete endothelial lumen structures were observed in the PBS controls (Figure 6b) . Moreover, TG2-treated tumors presented collagen I staining in fibrotic-like areas that were absent from PBS-treated animals ( Figure 6b ). In addition, Masson's trichrome staining revealed augmented deposition of collagen fibers in TG2-treated tumors that appeared to seal off the tumor body. In 
Tumor growth in TG2
À/À and TG2 þ / þ mice
As a further means of demonstrating the importance of TG2 in arresting tumor growth, C57BL/6 mice lacking TG2 (TG2 À/À ) and their controls (TG2 þ / þ ) were implanted subcutaneously with the compatible tumor B16F1 (Figure 7a ). Tumors implanted into the TG2 À/À mice showed a significant increase in tumor growth between 16 and 22 days compared to TG2 þ / þ mice, resulting in an decrease in the number of animals surviving by up to 8 days (Figure 7a) . Staining of tumor sections with mouse anti-TG2 antibody revealed the presence of TG2 antigen in the wild-type mice, which appeared to be mainly confined within the host tissue immediately surrounding the tumor. TG2 expression was virtually absent within the tumor body of both wild-type and knockout mice, as indicated by immunofluorescent staining (Figure 7b ) and Western blotting (Figure 7c ).
Discussion
Our initial focus in this investigation was to assess the importance of TG2 in HUVEC undergoing angiogenesis. It has been suggested that TG2-mediated ECM crosslinking in HUVEC and the endothelial-like cell line ECV304 contributes to basement membrane assembly and cell adhesion. 8, 12 We found abundant, endogenous TG2 in capillaries grown in vitro (Figure 1) , with enzyme activity localized in the HUVEC ECM. Inhibition of the endogenous TG2 had little effect on tube formation, suggesting that the observed in situ extracellular activity of TG2 is not essential for tube formation. This is in keeping with the observation that TG2 knockout mice have not so far been reported to show any vascular abnormalities. 14 We next explored whether increasing the amount of TG2 found in the extracellular environment could affect capillary tube formation. Sequential additions of active TG2 to two separate angiogenesis models, a coculture system containing HUVEC and dermal fibroblasts and a well-established aorta segment model, led to a nontoxic, dose-dependent angiogenesis blockade, with an optimum inhibitory dose of four additions of TG2 at a concentration of 50 mg/ml (Figures 2 and  3) . We have previously shown that this concentration of enzyme is capable of causing matrix changes when added to dermal fibroblasts. 19 Detailed analysis of the deposited ECM in the coculture model indicated that the applied TG2 led to the accumulation of an intricate matrix that surrounded capillaries, resulting in the blockade of capillary growth. It is important to note that this level of extracellular TG2 is unlikely to be present in any normal physiological situation, and represents the amount of TG2 required to form an artificial ECM that coats the culture. However, it is also difficult to gauge the TG2 inhibits angiogenesis and tumor growth RA Jones et al concentration of active TG2 once added to the culture medium, since much of it is likely to be sequestered by the fibronectin-containing serum. Perhaps the closest physiological equivalent is in situations of chronic tissue damage, where increased extracellular TG2 both secreted and released by virtue of cell damage leads to increased crosslinking, promoting massive tissue scarring and fibrosis. 9, 10, 17, 19, 20 In the present study, the TG2-crosslinked ECM is likely to be composed of TG2 autopolymers, together with heteropolymers of TG2, fibronectin, or other ECM proteins deposited by the coculture system, as shown by Western blotting.
Previous work has shown contradictory results for the effects of TG2 on angiogenesis. 17, 18 In a window flap model, topical application of 40 mg/ml TG2 postsurgery was found to inhibit both growth of new vasculature and tumor implantation, when a solid piece of the R3230Ac tumor was added postsurgery to the wound. 18 In contrast, the same authors demonstrated using a similar window flap model, but without tumor implantation, that three separate doses of active TG2 added on days 0, 1, and 2 postsurgery led to a stimulation of angiogenesis. 17 It is difficult at this stage, given the number of variables present in the two experiments, to reconcile these contradictory findings. In both reports, no activity data were given for the applied enzyme, even though it was demonstrated at least in the open tumor model 18 that transamidating activity was essential for the observed effects.
Given the contradictory results between these previous studies and ours, it was essential to clarify the biochemical/ cellular mechanisms whereby TG2-mediated crosslinking blocked angiogenesis in the two angiogenesis models used in our studies. By pulse-labeling cocultures with either [ 3 H]proline or [ 3 H]amino acids and observing radiolabel in the ECM, we monitored the effect of TG2 on both collagen and total matrix deposition and turnover in treated cultures, respectively (Figure 4) . Following a single addition of TG2, both collagen and total matrix deposition were initially increased and the amount of radiolabel present in the matrix then remained relatively stable, following subsequent TG2 treatments. In contrast, in untreated cultures the radiolabel rapidly decreased as the matrix was proteolytically degraded. In previous studies, we have demonstrated that in vitro crosslinking of collagen and collagen/fibronectin mixtures leads to an increased resistance to their breakdown by MMP-1. 21 In this report, we further demonstrate that a conditioned, cell-deposited matrix laid down by TG2-treated dermal fibroblasts becomes more resistant to degradation by MMP-1 ( Figure 5 ). Results from this experiment support our previous observations made in vitro 21 and the results obtained from the turnover studies in that a conditioned cell-deposited matrix crosslinked by TG2 has increased resistance to MMP digestion, thus accounting for its slower rate of turnover. The added observation that TG2 activity can increase the rate of collagen fibril formation provides a further biochemical mechanism to account for the increase in collagen deposition after TG2 addition ( Figure 5 ). Moreover, in previous reports it has also been demonstrated that overexpression of TG2 in Swiss 3T3 fibroblasts leads to the increased accumulation of both fibronectin and the latent TGF-b-1-binding protein. 22 It is well established that modulation of the ECM is central to many aspects of endothelial cell behavior during angiogenesis and that collagen metabolism in particular may exert an effect on the angiogenic cascade. It has been reported that the antiangiogenic properties of proline analogs in combination with angiostatic steroids are attributed to their ability to 'switch-off' collagen accumulation. 23 Paradoxically, in this study we demonstrate that ECM accumulation caused by increased protein crosslinking can lead to compromised endothelial cell tube formation. Inhibition of angiogenesis by TG2 is therefore mediated by altering the homeostasis of ECM turnover towards deposition rather than the initial destabilization of the matrix, which is a prerequisite for endothelial cell proliferation and migration. 16 We have also established that cells confined in such a rigid ECM environment may respond by downregulating collagen I, III, and IV expression ( Figure 5 ). This suggests that a feedback mechanism might be set into motion by the increased deposition of collagen in the ECM, in order to try and maintain ECM homeostasis. Such a change in cell behavior might occur by an outside-in signaling mechanism facilitated by the mechanochemical signaling known to occur as the ECM environment becomes increasingly rigid, due to increased crosslinking. 16 The observation that collagen expression is downregulated also suggests that TG2 is not exerting its effect via activation of the protein synthesis pathway that is triggered by TGF-b-1. 21 Our observations that TG2 could promote 'in vitro fibrosis', as defined by the increased deposition and stabilization of matrix proteins, leading to blockade of endothelial cell tube formation, led us to pose the question whether modulation of the ECM by TG2 could be used in vivo to inhibit tumor growth and progression ( Figure 6 ). Many, but not all, tumors show reduced TG2 activity, 24 while overexpression of TG2 in the malignant hamster fibrosarcoma cell line MetB 25 and in a neuroblastoma SK-N-BE 2 -derived cell line 26 leads to a reduced incidence of tumor development. Such observations might be attributed to the ability of the enzyme to modulate both deposition and stabilization of the ECM. It is now recognized that modulation of the ECM in the tumor microenvironment plays an important role in the regulation of tumor cell growth, metastasis, and angiogenesis. 27 Generally, tumor growth and angiogenesis require a thinning of the ECM facilitated by increased matrix turnover brought about by secretion of a host of proteases. 16 Evidence suggests that the host animal tries to elicit a wound response against the tumor by encapsulating the neoplasm at the tumor edges. This normally takes the form of granulation tissue at the tumor-stroma interface, which is remodeled into collagen 'scar tissue' and may, to some extent, limit tumor invasion. 28, 29 Our studies using TG2 null mice (TG2
) indicate that the B16-F1 melanoma cells grow faster in the TG2 null mice, leading to decreased animal survival when compared to the control animals that express normal levels of TG2 (TG2 þ / þ ; Figure 5 ). Given that TG2 is now recognized as a wound response enzyme, and taking into account immunohistochemical evidence from this study that reveals the presence of TG2 antigen within the host tissue surrounding the tumor, it is not unreasonable to suggest that the enzyme may have a role in the host's defense mechanism. To this end, in addition to its potential role in providing a barrier to tumor spread, the enzyme has been implicated as a necessary component for the phagocytosis of apoptotic cells by macrophages. 30 Hence, it cannot be fully ruled out that the increased rate of tumor growth in the TG2 À/À mice is in part due to this. Our studies demonstrating that in TG2 wild-type mice the enzyme is found upregulated in the host tissue surrounding the B16-F1 melanoma is supported by an immunohistochemical study in human mammary tumors, in which TG2 was also shown to be associated with the host's ECM surrounding the tumor. 18 Our studies in vitro using the coculture model of angiogenesis and in vivo demonstrating TG2 involvement in tissue fibrosis 9, 21, 31 indicate that TG2 can indeed regulate the balance between ECM degradation and accumulation. Moreover, preliminary studies undertaken on the R3230Ac tumor implanted into a skin flap window chamber indicated that the topical addition of TG2 could limit tumor growth with a concomitant decrease in angiogenesis. 18 However, in this model the open tumor was immediately accessible for topical application of TG2, allowing even distribution of the enzyme to the tumor-host interface. In addition, this type of tumor model does not test the effects of TG2 on a tumor that is already established and growing, which is essential for any potential therapeutic application of the enzyme in a clinical setting. To test the use of the enzyme in a more applicable preclinical situation, TG2 was injected directly into growing colon carcinoma tumors, previously implanted by subcutaneous injection of CT26 cells into mice. Of those tumors injected 20% demonstrated complete tumor regression, while the rest showed a delay in tumor growth. The increased presence of both collagen and the isodipeptide crosslink (e(g-glutamyl) lysine) in the tumor mass confirms that TG2 can modulate the tumor ECM, leading to a fibrotic response and a change in cell behaviour as previously observed in the in vitro angiogenesis cultures. Interestingly, in a similar context, mice lacking the urokinase plasminogen activator receptor-associated protein (uPARAP), which mediates intracellular collagen degradation, were able to contain tumor progression unlike their wildtype counterparts. 32 This study confirms the importance of collagen accumulation within the tumor as a barrier to tumor invasion. In our experimental model, rather than modulating the capacity of stromal cells to digest collagen either intracellularly (lysosomes) or extracellularly (MMPs), TG2-induced overloading of the tumor ECM with collagen provides a comparable barrier to tumor progression. Additionally, in this TG2-induced ECM, we could not detect regularized vasculature by vWF staining, suggesting that, as found in the in vitro angiogenesis models, TG2-mediated crosslinking can destabilize angiogenesis ( Figure 6) .
The findings which demonstrate that an excess of exogenous TG2 delivered in vivo can lead to fibrogenesis are consistent with the enzyme's observed pathological role in diabetic nephropathy, liver fibrosis, and hypertrophic scarring. 9, 10, 33 Importantly, in this instance, the enzyme has been used to inhibit tumor growth by a mechanism involving increased stabilization of the ECM, leading to changes in cell behavior that limit tumor invasion and reduce angiogenesis, thus enhancing the host's defense mechanisms. While considerable advances have been made in our understanding of angiogenesis, the development of effective tumor therapeutic strategies that rely on angiogenesis blockade has been less successful when animal studies have been translated into clinical phase trials. 4 Modulating cell behavior in a tumor by inducing changes in the ECM such that deposition instead of degradation is favored may provide a more rational approach for the development of new cancer therapies.
Materials and Methods
Cell culture
Human angiogenesis cell model (TCS Cellworks, Buckingham, UK), a coculture system containing HUVEC and human dermal fibroblasts 34 that deposit their own ECM and that spontaneously form capillaries over an TG2 inhibits angiogenesis and tumor growth RA Jones et al 11-day period, were cultured in the growth medium supplied by the manufacturers. Active guinea-pig liver TG2 was initially obtained from Sigma (Dorset, UK), but was for the majority of studies purified in house as described previously. 35 TG2 was applied to the cultures (50 mg/ml, 50 U/ ml) either once on day 2, twice on days 2 and 5, or four times on days 2, 5, 8, and 10. In all, 1 U of enzyme activity equals 1 nmol of putrescine incorporated in N, N 0 -dimethylcasein per hour. Cultures were also treated in parallel with TG2, inactivated by preincubation in 500 mM of the specific active site-directed inhibitor NTU283 (1,3-dimethyl-2[(oxopropyl)thio] imidazolium) for 6 h at 41C. 36 Any excess inhibitor was removed by dialysis against 5 mM Tris-HCl, pH 7.8, and the enzyme tested for activity prior to addition to the cell cultures. In some experiments, NTU283 or the active site-directed inhibitor NTU281 (N-benzyloxycarbonyl (CBZ)-Lphenylalanyl-6-dimethylsulfonium-5-oxo-L-norleucine) was added directly to cell cultures at 1 mM to assess the effect of endogenous transglutaminase inhibition on tube formation. 37, 38 C378 human foreskin dermal fibroblasts (supplied by EJ Woods, University of Leeds, UK) and CT26 mouse colon carcinoma cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. HUVEC (TCS Cellworks) were cultured in large vein endothelial cell growth medium containing endothelial cell growth supplement (ECGS), 2% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Aorta ring angiogenesis model
Aortas obtained from 10-week-old AS rats were cut into 10-mm-thick rings, embedded in Matrigel and cultured in large vein endothelial cell growth medium as described previously. 39 Following a 10-day incubation, when endothelial cell outgrowth from the tissue was observed, cultures were treated with 50 mg/ml TG2 (50 U/ml) for 4 days at daily intervals. Images of migrating endothelial cells and interconnected capillary tubes were captured using an Olympus digital camera.
Immunohistochemistry
In vitro angiogenesis cultures were fixed in ice-cold 70% ethanol, blocked with 3% bovine serum albumin (BSA) in PBS, and stained for TG2 or vWF using a mouse anti-TG2 monoclonal (Cub7402, Neomarkers, Cambridgeshire, UK) or rabbit anti-vWF polyclonal antibodies (Sigma, Dorset, UK and TCS Cellworks) diluted in blocking buffer. Staining was revealed using either anti-mouse IgG-horseradish peroxidase (HRP) (Perbio Science, Northumberland, UK) or anti-rabbit-HRP (Sigma) conjugate and developed with FastDAB substrate (Sigma). Capillary images were obtained using an Olympus digital camera and quantitative image analysis was performed using QWin software (Leica Microsystems, Milton Keynes, UK).
Cell density and viability
In situ cell viability in TG2-treated angiogenesis cultures was assessed using the differential LIVE/DEAD stain (Molecular Probes, Paisley, UK). Viable cells were distinguished from nonviable cells by labeling cultures with 3, 3 0 -dioctadecyloxacarbocyanine, which becomes membrane impermeable when metabolized by viable cells. Cells are then washed and counterstained with propidium iodide, which enters nonviable cells with compromised plasma membranes. Cell viability of TG2-treated HUVEC and C378 cells was also measured by membrane permeability using LDH release into the medium monitored by the Cytotox 96t NonRadioactive Cytotoxicity Assay kit (Promega, Southampton, UK) according to the manufacturer's protocol. Cell density of HUVEC and C378 cells was measured using the XTT assay (Promega) according to the manufacturer's instructions.
Visualization of in situ TG2 activity
In situ TG2 activity was localized by incubating cultures with growth medium containing 0.2 mM biotin cadaverine (Sigma). Cultures were fixed in ice-cold 70% ethanol, blocked with 3% BSA in PBS, then incubated with extravidin peroxidase diluted in blocking buffer. Incorporated biotin cadaverine was revealed using FastDAB substrate (Sigma). For fluorescent localization of TG2 activity in situ, cells were cultured in medium containing 0.5 mM fluorescein-cadaverine as described previously. 11, 19 Cultures demonstrating capillary formation were fixed in methanol at À201C and counterstained for vWF using a rabbit anti-vWF polyclonal antibody (Sigma). vWF staining was revealed using anti-rabbit IgG-tetramethyl rhodamine isothiocyanate (TRITC) conjugate (DAKO, Cambridgeshire, UK). Stained cultures were mounted in 70% glycerol and viewed using a Leica TCSNT confocal microscope.
Western blot analysis
Angiogenesis cultures were directly solubilized in 150 ml of 2 Â SDSLaemmli sample buffer and separated on 8% polyacrylamide gels and electroblotted onto nitrocellulose membranes. Blotted membranes were blocked in Tris-buffered saline containing 5% dried milk, then incubated overnight at 41C with mouse monoclonal anti-TG2 (Cub7402, Neomarkers), a rabbit polyclonal anti-fibronectin antibody (Sigma), or mouse antie(g-glutamyl)lysine antibody (Abcam, Cambridgeshire, UK). Membranes were then incubated with anti-mouse IgG-HRP secondary antibody (Pierce), or anti-rabbit IgG-HRP antibody and bands were revealed using the enhanced chemiluminescence kit (ECL; Amersham, Buckinghamshire, UK).
Total ECM and collagen turnover
On day 5, the angiogenesis model was labeled with 5 mCi/ml [2, H]proline or 5 mCi/ml [2,3- 3 H]amino-acid mixture in the presence of fully supplemented growth medium. Following a 48-h incubation period, the medium was removed and cells were washed three times in PBS, replenished with radiolabel-free medium and then administered with 4 daily doses of 50 mg/ml active TG2 (50 U/ml). The amount of the incorporated label was measured in the cell growth medium, and in the ECM as described previously. 19 
Collagen turbidity assay
Collagen fibrillogenesis was monitored using a spectrophotometric method. Type I collagen (Sigma) was solubilized in 0.2 M acetic acid at a concentration of 5 mg/ml at 41C with constant stirring for 24 h. Fibrillogenesis was initiated by neutralization of the collagen mixture through addition of 10 Â DMEM and 0.2 M HEPES buffer to final concentrations of 1 Â and 0.02 M, respectively. Addition of CaCl 2 and DTT to a final concentration of 5 mM was made immediately after neutralization and prior to the addition of guinea-pig liver TG2. Neutralized collagen (3 mg/ml) was then treated with 50-250 mg/ml of active TG2 (50-250 U/ml). Inhibition of transglutaminase activity was achieved using 500 mM of active site-directed inhibitor NTU281. Absorbance was measured at 325 nm at a fixed temperature of 251C.
